Role of Primary Constitutive Phosphorylation of Sendai Virus P and V Proteins in Viral Replication and Pathogenesis  by Hu, Cheng-jun et al.
v
m
a
e
r
n
c
l
p
p
c
p
t
p
c
v
P
2
Virology 263, 195–208 (1999)
Article ID viro.1999.9953, available online at http://www.idealibrary.com onRole of Primary Constitutive Phosphorylation of Sendai Virus P
and V Proteins in Viral Replication and Pathogenesis
Cheng-jun Hu,*,1 Atsushi Kato,†,‡ Mary C. Bowman,§ Katsuhiro Kiyotani,¶ Tetsuya Yoshida,¶
Sue A. Moyer,§ Yoshiyuki Nagai,†,i and Kailash C. Gupta*,2
*Department of Immunology/Microbiology, Rush-Presbyterian-St. Luke’s Medical Center, Chicago, Illinois 60612; †Department of Viral Infection,
Institute of Medical Science, University of Tokyo, Minatu-ku, Tokyo, 108-8639, Japan; ‡Department of Viral Diseases and Vaccine Control, National
Institute of Infectious Diseases, Gakuen 4-7-1 Musashi-murayama, Tokyo 208-0011, Japan; i AIDS Research Center, National Institute of Infectious
Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan; ¶Department of Bacteriology, Hiroshima University School of Medicine,
Kasumi 1-2-3, Minami-ku, Hiroshima 734-8551, Japan; and §Department of Molecular Genetics and Microbiology,
College of Medicine, University of Florida, Gainsville, Florida 32610
Received May 13, 1999; returned to author for revision June 17, 1999; accepted August 3, 1999
Functional analysis of the primary constitutive phosphorylation of Sendai virus P and V proteins was performed using both
in vitro and in vivo systems. Sendai virus minigenome transcription and replication in transfected cells were not significantly
affected in the presence of primary phosphorylation deficient P protein (S249A, S249D, P250A) as measured by either the
luciferase activity or the Northern blot analysis. Similarly, recombinant Sendai viruses lacking the primary phosphorylation
in P grew to titers close to the wild-type virus in cell cultures and in the natural host of Sendai virus, the mouse. Mutant
viruses showed no altered pathogenesis in mice lungs. Oligomerization of P by binding WT P or mutant P to GST-P (WT)
Sepharose beads revealed that the primary phosphorylation was not crucial for P protein oligomerization. Similar to P protein
primary phosphorylation, the V protein primary phosphorylation at serine249 was not essential for minigenome transcription
and replication, as both WT and mutant V proteins were found equally inhibitory to the minigenome replication. These results
show that the primary phosphorylation of P protein has no essential role in Sendai virus transcription, replication, and
pathogenesis. © 1999 Academic Press
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Sendai virus (SV), a paramyxovirus, is an enveloped
irus with a single-stranded, negative-sense, nonseg-
ented RNA genome of ;15 kb (Kingsbury, 1991; Lamb
nd Kolakofsky, 1996). The genome RNA is completely
ncapsidated by the nucleocapsid protein (NP), which
enders the RNA nuclease resistant. Associated with the
ucleocapsid is an RNA-dependent RNA polymerase
omplex consisting of two virus-encoded proteins, the
arge (L) protein and the phosphoprotein (P), where the L
rotein is thought to possess the catalytic activities. The
recise function of the P protein within the polymerase
omplex is unknown, but P-L complex formation and L
rotein stability require the cosynthesis of the two pro-
eins (Horikami et al., 1992, 1997). In addition, the P
rotein is responsible for the binding of the polymerase
omplex to the nucleocapsid template for RNA synthesis.
Although the SV P protein constitutes only ;10% of the
irion protein mass, it contains 40% of the virion protein-
1 Portions of this work will be submitted in partial fulfillment of the
h.D. degree requirements for the Graduate College of Rush University.
2 To whom reprint requests should be addressed. Fax: (312) 942-
o808. E-mail: kgupta@rush.edu.
195ound phosphates and is thus the most highly phosphor-
lated viral protein on a mole-per-mole basis (Hsu and
ingsbury, 1982; Hendricks et al., 1993). A phosphate-
ich, 18-kDa V8-protease cleavage product mapped to
he amino terminal portion of the P protein contained the
ajority of the protein associated phosphates (Hsu and
ingsbury, 1982). The use of the virion-associated protein
inase (VAPK)-phosphorylated P protein, partial V8 pro-
eolysis, and a panel of monoclonal antibodies also
howed that the phosphorylation primarily mapped to the
mino terminus of the protein (Vidal et al., 1988).
More recent data show that the SV P protein is con-
titutively phosphorylated primarily at one locus, al-
hough there is the potential for phosphorylation at ad-
itional sites (Byrappa et al., 1995a). By tryptic phos-
hopeptide mapping and site-directed mutagenesis of
V P, the major phosphorylated residue was determined
o be S249 (Byrappa, et al., 1996). Studies of cell-free
hosphorylation of P by VAPK revealed a strikingly dis-
imilar pattern of phosphorylation to that in infected
ells. Because mutation of P250 to alanine abrogated
249 phosphorylation (Byrappa et al., 1996), the enzyme
or phosphorylation appears to be a proline-directed pro-
ein kinase. In contrast, cell-free phosphorylation studies
f P indicated that protein kinase C isoform z is involved
0042-6822/99 $30.00
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196 HU ET AL.n P protein phosphorylation (Huntley et al., 1997). Be-
ause these authors did not determine the phosphoryla-
ion site(s), a direct comparison between the intracellular
nd cell-free phosphorylations is not possible.
Our current understanding of the relevance of P
hosphorylation has been derived mainly from studies
n other negative-strand RNA viruses. For vesicular
tomatitis virus (VSV) Indiana P, it has been shown that
60, T62, and S64 are the major phosphorylation sites
Jackson et al., 1995; Chen et al., 1997). Similarly, VSV
ew Jersey is phosphorylated at S59 and S61 (Takacs
t al., 1992; Das et al., 1995). Phosphorylation is con-
titutive, is directed by cellular casein kinase II, and is
equired for transcription, although not for RNA repli-
ation (Barik and Banerjee, 1992a,b; Beckes and Per-
ault, 1992; Das et al., 1995; Gao and Lenard, 1995a,b;
attnaik et al., 1997). In Chandipura virus, P protein
hosphorylation at S62 is required for transcription
Chattopadhyay et al., 1997). However, recent analysis
as shown that the phosphorylation of VSV P at S60
nd T62 is necessary specifically for VSV P protein
ligomerization and assembly of the P-L polymerase
omplex onto the nucleocapsid template (Gao and
enard, 1995a,b; Spadafora et al., 1996). Studies with
espiratory syncytial virus (RSV) P have shown that
asein-kinase-II-mediated phosphorylation at S232
nd S237 is absolutely required for transcription ac-
ivity of the polymerase (Mazumder and Barik, 1994;
azumder et al., 1994; Barik et al., 1995; Sanchez-
eco et al., 1995). Similarly, hPIV3 P protein phosphor-
lation at S333 by the cellular protein kinase C isoform
is essential for hPIV3 gene expression (De et al.,
995; Huntley et al., 1995). All these data reinforce the
dea that phosphorylation of the P proteins of various
egative-strand RNA viruses by various cellular ki-
ases is important for their function. We have, there-
ore, examined the role of primary phosphorylation at
FIG. 1. Schematic presentation of the Sendai virus minigenome pl
uciferase ORF, SV trailer, and leader are given. The total number of nuc
irus ribozyme and Tf the T7 terminator, whereas T7P is the T7 RNA
7 promoter.249 in SV P protein function. sRESULTS
ranscription and replication of the minigenome RNA
The construction of the pSNDluc (Fig. 1) is based on
he success of replication of other negative-strand RNA
irus minigenomes. The luc gene in pSNDluc is in the
ntisense orientation relative to the T7-directed RNA
ranscription. The luc gene is flanked by the trailer and
he leader noncoding regions of SV (Park et al., 1991).
onsequently, the T7 transcript of the minigenome plas-
id contains a negative-sense luciferase RNA flanked
ith the leader and the trailer sequences of SV, and three
GG residues at its 59 end. Luciferase activity will be
etected only when the encapsidated minigenome is
ranscribed by the viral RNA polymerase. Luciferase ac-
ivity thus depends on both viral transcription and repli-
ation of the minigenome.
For the minigenome replication in CV-1 cells, transfec-
ion amounts of the NP, P, L, and minigenome plasmids
ere optimized individually as described previously
Horikami et al., 1992). To determine the effect of phos-
horylation, the wild-type (WT) P plasmid was substi-
uted with a P mutant (S249A, S249D, or P250A) from
hich the primary phosphorylation was abolished (By-
appa et al., 1996). Negative controls included transfec-
ions without the P or L or NP plasmid. Transfection with
deletion mutant of the P gene (d10–316 aa) also was
sed as a negative control (Curran et al., 1994). After
ransfection, cell lysates were prepared and assayed for
he luciferase activity. The results (the average of four
xperiments) showed that all the three mutants of the P
ene were capable of supporting the minigenome tran-
cription and replication (Fig. 2). However, the mutants
upported transcription and replication at slightly re-
uced levels as compared with the WT P (80–90%).
aired T-test analysis of the data showed no significant
ifference between the WT P and mutant P RNA synthe-
(pSNDluc) construct. Only the relevant regions are shown. Sizes of
s in these regions is an exact multiple of six. HDV is the hepatitis delta
rase promoter. The luc gene is placed in (2) sense orientation underasmid
leotide
polymeis levels. As expected, the deletion P mutant did not
s
p
f
i
A
m
T
t
w
b
a
r
b
c
p
a
a
c
(
R
t
s
t
g
f
m
l
p
a
f
t
t
w
l
s
t
S
n
(
n
p
n
a
b
g
s
R
t
S
c
S
g
s
(
t
S
w
f shown
197ROLE OF SENDAI VIRUS PHOSPHOPROTEINSupport any replication. These results indicated that the
hosphorylation of the P protein at S249 is dispensable
or Sendai virus transcription and replication in vTF7-3-
nfected CV-1 cells.
nalysis of positive-sense replication product
T7 RNA polymerase-mediated transcription of the
inigenome plasmid yields a (2) sense minigenome.
he minigenome replication will result in both nega-
ive- and positive-sense products. Luciferase mRNA
ill be detected only after mininucleocapsids have
een replicated and transcribed by the viral polymer-
se complex (P1L). Thus analysis of positive-sense
eplication products and luciferase mRNA provides a
etter measure of the minigenome replication be-
ause there would be no contribution by T7 RNA
olymerase products.
Synthesis of positive-sense products of replication
nd luciferase mRNA was examined by Northern blot
nalysis of the total cellular RNA from transfected CV-1
ells using 32P-labeled minus-sense luciferase probes
Fig. 3A, top). Because the minigenome replication
NA product is 1932 nt and the luciferase mRNA
ranscribed from minigenome is ;1920–2020 nt (tran-
cript 1 100–200 A residues of the polyA tail) long, the
wo RNA species were expected to comigrate in the
el. RNA of ;2.0 kb was detected only in the trans-
ection that had all the necessary components for the
inigenome replication, that is, P, L, and NP (Fig. 3A,
FIG. 2. Luciferase activity with phosphorylation-defective P mutants.
249D, or P250A) in conjunction with pSNDluc, NP, L plasmids, or with
ithout any plasmids. Luciferase activity measured as relative light units
rom four independent experiments were averaged with the deviationsane 7). Identical size RNA was also synthesized in eresence of mutants S249A or P250A (Fig. 3A, lanes 8
nd 9), except that the amount of the RNA synthesized
or the mutant gene was ;30–40% less compared with
he WT P gene transfection. These results are consis-
ent with, although somewhat less than those obtained
ith the amount of minigenome transcription and rep-
ication as measured by luciferase activity. These re-
ults again suggest that the constitutive phosphoryla-
ion at S249 is not essential for virus RNA synthesis.
imilarly, substitution of aspartate for serine249 had
o significant effect on the level of RNA synthesis
data not shown) showing that negative charge was
ot crucial for the polymerase activity.
To quantitate specifically the NP protein encapsidated
ositive-sense RNA, RNA was prepared after micrococcal
uclease (MN) treatment of the cell lysate and analyzed as
bove. The success of the MN treatment is demonstrated
y the complete digestion of naked RNA transcripts of luc
ene from pcDNAIluc, a plasmid that carries luc gene in (1)
ense, (compare lane 13 of Fig. 3A with 3B). MN-resistant
NA was detected only in WT, S249A, and P250A transfec-
ions (Fig. 3B, lanes 7–9). The level of the protected RNA in
249A was reduced by ;20% and that in P250A by ;40%
ompared with the WT. The level of RNA appears greater in
249A (lane 8) than the WT (lane 7) due to greater back-
round in lane 8. These levels of replication are within the
ame range as observed for the total minigenome product
Fig. 3A) indicating that the transcription and replication of
he minigenome are not significantly affected in the pres-
-infected CV-1 cells were transfected with WT P or mutant P (S249A,
e of the plasmids as indicated. M (mock) lane represents transfection
tein and presented as percent activity in relation to WT (100%). Results
by the error bars.vTF7-3
out on
/mg pronce of the mutant P proteins.
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compared with the other preparations (lanes 7 and 10).
198 HU ET AL.ole of V protein phosphorylation
The SV V mRNA is produced by editing during P/C
ene transcription (Vidal et al., 1990). The N termini (316
mino acids) of V and P proteins are identical. Thus
brogating the primary phosphorylation of the P protein
at aa249) would abrogate the phosphorylation site of the
protein. To test this presumption, we generated a
ryptic phosphopeptide map of the WT V protein. The WT
protein had the identical primary phosphopeptide (TP1)
s in the WT P protein (Byrappa et al., 1996). Mutation of
249 to alanine in V protein abrogated TP1, confirming
hat V protein is indeed primarily phosphorylated at S249
data not shown).
To determine whether the abrogation of the primary
hosphorylation of V protein plays any role in the mini-
enome replication, the indicated amounts of the V plas-
ids (WT or S249A mutant) were cotransfected with the
T P in addition to the minigenome, L, and NP plasmids.
n increasing concentration of WT or mutant V similarly
nd progressively decreased minigenome transcription
nd replication as determined by the luciferase activity
Fig. 4A) and by Northern blot analysis of the total cellular
NA using negative-sense luciferase probes (Fig. 4B).
reviously, Curran et al. (1991a) showed that V protein
nhibited in vitro replication of the SV-defective interfering
articles (DI). We also have shown that WT V and the
249A mutant exhibit similar inhibitory dose response
urves for DI-H RNA replication in vitro (data not shown).
ur results confirmed the previous finding and showed
hat the elimination of the primary phosphorylation of the
protein did not have any effect on the V protein inhib-
tory activity.
ligomerization of P protein deficient in the primary
hosphorylation
Because phosphorylation of the VSV P protein was
equired for its oligomerization (Gao and Lenard,
995a,b), we tested if P phosphorylation is important for
V P oligomerization. It was reported previously that SV
self oligomerizes (Curran et al., 1995). The WT or
utant P proteins were tested for binding to the GST-P
usion protein, where cobinding of P with GST-P to glu-
athione–Sepharose beads is a measure of self multim-
rization. The WT or mutant P plasmids were transfected
lone or together with GST-P plasmid into vTF7-3 in-
ected A549 cells and radiolabeled with Tran35S-label.
mmunoprecipitation with anti-P antibody showed that all
he proteins were expressed (Fig. 5A). When WT P pro-
ein was expressed alone, it did not bind to the beads
Fig. 5B, lane 3) even though P protein was expressed
Fig. 5A, lane 3). P protein expressed in the presence of
ST-P cobound with GST-P to the beads showing com-
lex formation (Fig. 5B, lane 4). Each of the P mutantsFIG. 3. Northern blot analysis of total cellular RNA and micrococcal
uclease (MN) protected RNA. CV-1 cells were infected with vTF7-3 (V)
nd then transfected with WT P or P mutants (S249A, P250A), NP (N), L (L),
nd pSNDluc (G) or with a plasmid containing the luc gene under the T7
romoter in the sense orientation (Luc) or no indicated plasmid (2) or no
TF7-3 (2). (A) The total cellular RNA was prepared and resolved in 1%
garose gel and transferred to Zetaprobe membrane and probed by
egative-sense RNA probes containing the trailer and the luciferase re-
ions. An arrow indicates the position of 18S denatured rRNA. The control
ane presents a size marker of 1640 nucleotides in vitro synthesized
ositive-sense luciferase RNA. Similar results were obtained from three
ndependent experiments. (B) MN-resistant RNA was prepared by diges-
ion of total cellular RNA in the cell lysate with MN. The encapsidated RNA
as probed with negative-sense RNA probe as described above. Similar
esults were obtained from three independent experiments. Note that the
xpected size RNA species (;1950 nucleotides) are present only in trans-
ections that had the necessary plasmids. The success of MN treatment is
vident by the absence of any RNA in lane 13 [compare with (A)]. The RNA
ands (lanes 7–9) are also sharper as compared with (A). The level of RNA
n lane 8 looks higher due to a large background in this RNA preparation
lso cobound to beads when expressed in the presence
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199ROLE OF SENDAI VIRUS PHOSPHOPROTEINSf the GST-P protein (Fig. 5B, lanes 6, 8, and 10) but not
hen expressed alone (Fig. 5B, lanes 5, 7, and 9). The
omewhat lower amount of P250A binding was due to its
educed expression as shown in the immunoprecipita-
ion. It was previously shown that the P protein does not
ind to GST, therefore, the interaction is specifically due
o the P portion of the fusion protein (Chandrika et al.,
995). These results showed that the P protein primary
hosphorylation was not required for P oligomerization.
eplication of mutant Sendai viruses in cell culture
Although the primary phosphorylation of the P and V
FIG. 4. Role of primary phosphorylation on V activity as determined b
TF7-3-infected CV-1 cells were transfected with pSNDluc, P, NP, and L
uciferase activity of WT V and V-S249A were expressed as a percenta
f three experiments with error bars indicated. (B) The total cellular RNA
robed with a negative-sense RNA probe against the trailer and luci
epresents the RNA size marker that is1640 nt in vitro synthesized positiv
esults were obtained from two experiments. Arrow indicates the posiroteins did not reveal any essential function for mini- penome replication in cultured cells, it may be important
or a subtle role in virus replication that may not be
etected by minigenome replication assays. To address
his question, we generated primary-phosphorylation-de-
icient Sendai viruses and examined their growth in cell
ultures.
Construction of the full-length clone of Sendai virus
DNA has been described in detail previously (Kato et
l., 1996). Expression of the Sendai virus cDNA is essen-
ially similar to the minigenome system except that full-
ength cDNA clone is used instead of the minigenome.
o obtain virus mutants that lacked the primary phos-
rase activity and by Northern blot analysis for positive-sense products.
addition to different amount of WT V or V-S249A as indicated. (A) The
tive to transfection without V plasmid. The data represent the average
repared as described under Materials and Methods, and the RNA was
region to detect replication product of the minigenome (1932 nt). M
e luciferase RNA. 2P stands for transfection without P plasmid. Similar
positive-sense minigenome product and luciferase mRNA.y lucife
and in
ge rela
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e-senshorylation site in the P gene, P gene segment from
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200 HU ET AL.utant P (S249A, S249D, or P250A) plasmid was substi-
uted for the corresponding fragment into the full-length
lone of Sendai virus (described under Materials and
ethods). Mutant Sendai viruses were successfully re-
overed from the cDNA clones and titrated. Recovery of
ll the three mutant viruses, first from cDNA transfection
n LLC-MK2 cells and later their amplification in the
mbryonated eggs indicated that the mutant viruses
ere capable of growth in both cell cultures and eggs.
ny reversion and cross-contamination of the mutant
as ruled out by diagnostic BanII, SmaI, or RsrI digestion
nalysis of the RT–PCR amplification of the P gene frag-
ent (875 bp) encompassing the mutation site (de-
cribed under Materials and Methods). BanII digests the
249A fragment to generate two fragments of 378 and
97bp, SmaI cuts the S249D fragment to generate three
ragments of 178, 205, and 492 bp, whereas RsrII cuts
250A fragment to yield two fragments of 382 and 493
p. Authenticity of the mutant viruses was confirmed
urther by the loss of the primary tryptic phosphopeptide
TP1) in two-dimensional phosphopeptide maps of the
utants (data not shown).
Growth of mutant viruses recovered from the second
assage of allantoic fluid of eggs was examined under
oth single and multiple replication cycles. In the single
ound of the replication, CV-1 cells in 35-mm dishes were
nfected with 5 pfu/cell and maintained in serum-free
MEM. At various times (0, 5, 10, 15, 20, and 38 h)
ost-infection, medium was collected and virus titrated in
FIG. 5. Cobinding of phosphorylation defective mutant P proteins wi
ith vTF7-3 were transfected with no plasmids (2), WT P plasmid (WT)
ells were labeled with Tran35S-label and extracts prepared as describ
r incubated with glutathione–Sepharose beads (BEADS) (B) and the pro
re indicated. Two nonspecific protein bands immunoprecipitated withV1 cells (Fig. 6A). Progeny virus appeared at ;15 h p.i. and titers reached approximately 1 3 108 pfu/dish at 38 h
.i. at which time a severe cytopathology was detected.
ield of mutant viruses at any time point was not signif-
cantly different from that of the wild-type virus. Similarly,
n another experiment where virus was harvested at 20,
4, 28, 32, and 36 h p.i., no significant difference in virus
iters was observed at each time point (data not shown).
utant viruses grew as effectively as the wild type in Mlg
ells, mouse lung cells. P protein is phosphorylated
dentically in Mlg and CV1 cells (data not shown). How-
ver, Mlg cells exhibited greater cytopathic effect due to
he virus infection and consequently there was no virus
rowth 20 h p.i. Although at 20 h p.i. both CV1 and Mlg
ells yielded similar virus titers (2.5 3 106 pfu/dish, data
ot shown).
For the multiple replication cycle of viruses in CV1
ells, the cells were infected at 5 3 1023 pfu/cell with
ild-type or mutant virus. Trypsin (0.75 mg/ml) was in-
orporated in serum-free DMEM for the cleavage of the
0. Virus was harvested at 12, 24, 36, 48, and 60 h p.i. and
itrated in CV1 cells as described above. Mutant as well
s the wild-type viruses grew to similar titers at 48 and
0 h p.i. (Fig. 6B). However, because of high trypsin
ensitivity and pathogenesis, a similar experiment was
ot possible with Mlg cells.
To reconfirm the above findings, we examined tran-
cription and protein synthesis of these viruses in par-
llel with the virus growth in CV1 cells. At the indicated
ime points RNA or 35S-labeled proteins were extracted
P fusion protein to glutathione–Sepharose beads. A549 cells infected
nt P plasmids alone or together with GST-P plasmid as indicated. The
er Materials and Methods. Samples were immunoprecipitated (IP) (A)
nalyzed by 7.5% SDS–PAGE. The positions of the P and GST-P proteins
antibody are present in (A).th GST-
or muta
ed und
teins and RNA analyzed by Northern blot for NP, HN, and
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201ROLE OF SENDAI VIRUS PHOSPHOPROTEINSAPDH mRNAs. Proteins were immunoprecipitated with
nti-P antibodies and resolved in SDS–polyacrylamide
el electrophoresis. In single replication cycle cells, level
f viral mRNAs increased for up to 15 h p.i. and then
apered off at later times (Fig. 7A). However, the level of
APDH mRNA declined progressively to undetectable
evel at 38 h p.i., indicating the increasing cytopathy. In
ultiple replication cycle cells, viral mRNAs increased
36 h and tapered off at 60 h, whereas the GAPDH
RNA declined progressively (Fig. 7B). No significant
ifferences were detected in the RNA levels between
ild-type and mutant viruses at any specific time point.
he viral protein (P and NP) levels followed a pattern
imilar to the viral mRNAs in both single and multiple
eplication cycles (data not presented). All these results
howed that the lack of primary phosphorylation of P
rotein did not have any significant effect on virus repli-
ation in CV1 and Mlg cells.
eplication of mutant Sendai viruses and their
athogenesis in mice
Because the cell culture experiments with mutant Sen-
ai viruses showed that the primary phosphorylation of P
as not essential for virus replication, it became impor-
ant to determine the significance of P protein phosphor-
lation in the natural host of Sendai virus, the mouse. To
est this ICR/Crj mice were intranasally inoculated with
T (parent) or mutant virus at 107 pfu/mouse. Body
eights of mice were measured every day up to 9 days.
t indicated days, three mice from each group were
illed and virus titer in lungs were measured. Lung pa-
hology was expressed as consolidation score (0–5) as
escribed under Materials and Methods. Virus titers
rom mice lungs at Day 0 (Fig. 8A) indicated that mice
ere infected with an effective dose of ;5 3 104 pfu/
FIG. 6. Growth of primary phosphorylation mutants in CV-1 cells und
eplication cells were infected with 5 pfu/cell (A) and for multiple cycle
n serum-free DMEM. Supernatant were collected at indicated times aouse. All the viruses grew rapidly in mice until Day 5, seaching titers .108 pfu/mouse (Fig. 8A). There was no
ignificant difference between the virus titers recovered
rom wild-type or mutant virus infected mice. After five
ays, virus titers declined as the lungs were too dam-
ged to recover and support any virus growth. Although
he body weight of uninfected mice increased gradually
nd almost doubled in 7 days (data not shown), there
as no body gain in the infected mice (Fig. 8B). All
iruses caused pathogenesis to the same extent (Fig.
C). Virus lesions were easily identified by Day 3, the
ostinoculation severity of which increased progres-
ively, killing majority of the infected mice by Day 9.
acroscopically, lungs harvested late in infection from
ice exhibited dark red discoloration or consolidation.
he lesion was restricted to lung, as no remarkable
istopathological changes were noted in liver, heart,
pleen, kidney, and brain. Importantly, there was no dif-
erence in the pathogenic potential of the WT and mutant
iruses.
tability of mutant viruses
To determine whether the mutant viruses reverted
ack to the parental type, viruses were recovered from
ung homogenates at 5 days after infection. RNA from
hese viruses was RT–PCR amplified and digested with
anII, SmaI, or RsrI for the characteristic digestion pat-
ern of the mutants (described above). All viruses
howed the expected digestion pattern with the enzymes
Fig. 9) suggesting that the mutant viruses are stable and
hat effect of mutant viruses observed in mice is not due
o reversion to the parental virus.
DISCUSSION
It has been speculated that the evolutionarily con-
ditions of single or multiple cycle of virus replication. For single-cycle
tion cells were infected with 0.005 pfu/cell (B) with WT or mutant virus
s titers were determined by the plaque forming assay.er con
replicaerved P protein phosphorylation of the negative-sense
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202 HU ET AL.NA viruses must play a significant role in virus replica-
ion. Indeed, several studies with VSV and RSV showed
hat phosphorylation of P protein is essential for viral
NA transcription (Barik and Banerjee, 1992a,b; Beckes
FIG. 7. Transcription of primary phosphorylation mutants under sing
wo SV mRNA, NP and HN, were analyzed. GAPDH mRNA was analyzed
robes of the SV mRNAs and GAPDH mRNAs were prepared using thnd Perrault, 1992 Mazumder and Barik, 1994; Barik et wl., 1995; Das et al., 1995; Gao and Lenard 1995a,b;
attnaik et al., 1997). More recent studies with VSV now
uggest that phosphorylation is important specifically for
ligomerization of the P protein and for its association
(A) and multiple cycles (B) of replication in CV-1 cells. Expression of
ontrol for stably expressed cellular mRNAs. 32P-labeled negative-sense
ctive plasmids (Gupta and Xu, 1992).le cycle
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203ROLE OF SENDAI VIRUS PHOSPHOPROTEINSctivity. A limitation with many previous studies was that
hey were performed in vitro with the P protein purified
rom bacterial systems and phosphorylated with cellular
inases. Our previous results with SV suggested that in
itro phosphorylation may not represent the phosphory-
ation status of P protein in virus-infected cells and in
irions (Byrappa et al., 1995a). To overcome this problem,
e used a minigenome system wherein the phosphory-
ation of the SV P protein and transcription/replication of
he minigenome occur within cells. One consequence of
his system is that the final products depend on both
ranscription and replication of the minigenome. Impor-
antly, we generated mutant viruses that lack the primary
hosphorylation to determine the role of phosphorylation
n virus growth and pathogenesis in the natural host of
FIG. 8. Growth and pathogenesis of the primary phosphorylation mut
easured in mice infected with parental (strain Z) and mutant SV viruse
ere sacrificed at each time point. Body weight was measured everyendai virus, the mouse. tWe examined the role of primary phosphorylation of
he SV P protein in RNA transcription, replication, and
ligomerization of the P protein in a minigenome system.
rimary phosphorylation was abrogated by using point
utants (S249A, S249D, and P250A). None of these mu-
ants abolished the P-protein-associated activities that
e analyzed, suggesting that the primary phosphoryla-
ion of the P protein is dispensable for virus RNA syn-
hesis. However, these studies also are limited by the
act that even after abrogating the primary phosphoryla-
ion site, alternate sites are phosphorylated and conse-
uently the P protein still remains phosphorylated (By-
appa et al., 1996). It is possible that the alternate phos-
horylation has a compensatory role; however, this
oncept needs further examination. Our observation that
ses in mice. Virus titers (A), body weight (B), and lung lesions (C) were
icated days. For virus titer (A) and consolidation scores (C), three miceant viru
s at ind
day.he phosphorylation is not necessary for oligomerization
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204 HU ET AL.f the P protein is consistent with a recent report show-
ng oligomerization of P protein expressed in E. coli
Curran, 1998).
The amino termini (residues 1–316) of the P and V
roteins are identical, and we showed that the amino
erminal portion of V from amino acids 78–316 encom-
assing the primary phosphorylation site at 249 was
equired for inhibition of minigenome replication by V
Horikami et al., 1996). We showed that abrogation of the
rimary phosphorylation in P protein (S249) in virus ge-
ome also abrogated the primary phosphorylation of V.
o determine whether the V phosphorylation has any role
n replication, we used wild-type and mutant V in con-
unction with the wild-type P protein. Consistent with a
revious study (Curran et al., 1991a), the V protein inhib-
ted minigenome replication. The wild-type V and mutant
behaved identically, suggesting no role of V phosphor-
lation. However, the role of V protein in cell cultures and
n mice was found to be at variance. Although the V
rotein inhibited DI replication in transfected cells (Cur-
an et al., 1994; Horikami et al., 1996), V was found
mportant for Sendai virus pathogenesis in mice (Kato et
l., 1997a,b).
To determine whether the P protein phosphorylation
as a subtle effect on virus growth and pathogenesis, we
enerated primary-phosphorylation-deficient virus mu-
ants. Growth of mutant viruses both in cell culture and in
ice was not significantly different from the wild-type
parent) virus. The pathogenesis of the mutant viruses
FIG. 9. Authentication of mutant viruses recovered from lungs of
nfected mice. RT–PCR products from WT and mutant viruses were
igested with the indicated restriction enzymes. Size of the fragments
s indicated.as similar to the parent virus. The V protein expressed trom mutant viruses also will be primary phosphorylation
eficient. Because there was no significant difference in
he pathogenesis of parent and mutant viruses, V primary
hosphorylation is not important for SV pathogenesis. To
ake certain that the mutant viruses did not revert back
o the primary-phosphorylation-positive type, viruses
ere examined after their growth in mice. All the mutants
aintained their genotype, suggesting that the mutants
ere stable. However, it will be important to perform a
ong-term propagation of these viruses in mice to deter-
ine whether there is any evolutionary pressure for them
o revert to the parental genotype. Taken together, the
tudies presented above lead us to conclude that the
rimary phosphorylation of P does not have an essential
unction in Sendai virus replication and pathogenesis.
It is interesting to recall that the phosphorylation of
eV M protein was considered important for virus mat-
ration. However, a mutant virus deficient in phosphor-
lation of the M protein was fully functional in virus
eplication and pathogenesis in mice (Sakaguchi et al.,
997).
Thus the functional significance of the SV P protein
rimary phosphorylation still remains unknown. In this
ontext it is important to determine whether the alternate
hosphorylation (Byrappa et al., 1996) in the P protein
omehow compensates for the loss of the primary phos-
horylation. It is pertinent to recall that none of the
egative-sense RNA viruses have been examined for the
ole of P phosphorylation in a virus background as the
ne presented in our study. Our studies lead to the
uggestion that a closer scrutiny of stringently conserved
hosphorylation is required in in vivo like scenario for
stablishing a definitive role of the P protein phosphor-
lation.
MATERIALS AND METHODS
ells, viruses, plasmids, and antibodies
Recombinant vaccinia virus containing the gene for
he phage T7 RNA polymerase (vTF7-3) (Fuerst et al.,
986) was grown in Vero cells. SV infections and gene
ransfections were performed in human lung carcinoma
A549) cells or African green monkey kidney (CV1) cells
r mouse lung (Mlg) cells or rhesus monkey kidney
LLC-MK2) cells from ATCC. Sendai virus recombinant
lasmids, pGem-P/C, pGem-L, pGem-NP, and pTMGST-P
ere described previously (Curran et al., 1991a; Chan-
rika et al., 1995). Phosphorylation site mutants of SV P
S249A, S249D and P250A) were described earlier (By-
appa et al., 1996). The V recombinants, pGem-V and its
ite directed mutant pGem-V(S249A), were constructed
y PCR insertion of a G residue at nucleotide 1053 in
Gem-P/C and pGem-P/C(S249A). All these genes are
ownstream of the T7 promoter. A rabbit polyclonal an-ibody (anti-P) against P peptide fragments correspond-
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205ROLE OF SENDAI VIRUS PHOSPHOPROTEINSng to aa 274–298 and 453–477 (Byrappa et al., 1995a)
nd the anti-GST antibody were described earlier (Chan-
rika et al., 1995). Antiserum to V protein was described
reviously (Curran et al., 1991b).
onstruction of minigenome
The minigenome plasmid, pSNDluc (Fig. 1), was con-
tructed through a series of intermediate plasmids. First,
SNDcat1 was constructed by joining two PCR frag-
ents through ligation at a unique BamHI site and a
lunt end. One fragment was amplified from pSNDcat
kindly provided by Mark Krystal; Park et al., 1991). It
ontained the chloramphenicol-acetyl-transferase (cat)
oding region flanked by the leader (119 nt) and the
railer (145 nt) regions of SV with an incorporated BamHI
ite at the end of trailer region. The second fragment was
rom pBS-DN-d-fT (generously provided by Michael A.
hitt; Stillman et al., 1995). It consisted the following
lements in 59 to 39 order: a BamHI site, a T7 promoter,
he vector backbone (pBluescript SK1), a T7 terminator,
nd the hepatitis delta virus ribozyme (HDV) sequence.
he entire pSNDcat1 was amplified (Byrappa et al.,
995b) to delete -ATCC- at the BamHI site (ATCCGG) and
o add a G residue to create a more efficient (-GGG-) T7
romoter. This plasmid was named pSNDcat2.
Because of distinct advantages in the use of the lucif-
rase (luc) reporter gene over the cat reporter gene, cat
n pSNDcat2 was replaced by luc. The fragment contain-
ng the luc gene was amplified from pGL2 (Promega). To
his fragment a HindIII site at the end and a PstI site at
he start of luc gene were incorporated. The vector back-
one including the SV regulatory regions, T7 promoter,
7 terminator, and HDV ribozyme were amplified from
SNDcat2. The cat coding region was deleted and a
indIII site at the end of trailer and a PstI site at the end
f the leader region were engineered. Three additional
esidues were also incorporated at the end of the lucif-
rase coding region to follow the “rule of six” (Calain and
oux, 1993). The pSNDluc minigenome DNA construct
as assembled by ligating the two fragments after di-
estion with HindIII and PstI.
ransfection and luciferase assay
Approximately 80% confluent monolayer of CV-1 cells
n a 35-mm dish were infected with recombinant vaccinia
irus vT7–3 at 2–3 pfu/cell. One hour p.i., 1 mg pSNDluc,
00 ng P/C (or P/C mutant), 100 ng NP, and 50 ng L
lasmids were cotransfected using LipofectAmine in Op-
iMem (Life Technologies) containing 20 mg/ml cytosine
rabinoside (ara-C). In some transfections, various
mounts (12–200 ng) of WT V (or mutant V-S249A) plas-
id were added with the pSNDluc, WT P/C, NP, and L
lasmids. Transfection was continued at 33°C in the
resence of the transfection medium for 24 h. At 24 h, the aransfection medium was replaced with HEPES-buffered
omplete DMEM (Sigma) containing 20 mg/ml ara-C, and
ncubation was continued for an additional 24 h at 33°C.
t the end of this period the cells were harvested for
uciferase assay or for RNA preparation.
Luciferase activity was assayed by the method de-
cribed previously (Brasier, 1990). Briefly, cells were
ashed with PBS (2Ca21), collected in 200 ml 100 mM
otassium phosphate buffer, pH 7.8, 1 mM DTT, and
ysed by freeze–thaw. The clarified supernatant was
sed for luciferase activity assay. Typically, 50 ml super-
atant was combined with 180 ml luciferase assay buffer
25 mM glycylglycine, 15 mM potassium phosphate, 15
M MgSO4, 4 mM EGTA, 2 mM ATP, and 1 mM DTT, pH
.8). One hundred microliters of luciferin stock solution
1mM D-luciferin, 25 mM glycilglycine, pH 7.8, and 10 mM
TT) was added, and the luciferase activity was mea-
ured immediately with an Analytical Luminescence Lab-
ratory luminometer (Monlight 2010) and is the relative
ight units per mg protein was determined. The protein
ontent of each supernatant was determined using the
io-Rad protein assay kit.
NA preparation and Northern blot analysis
For total cellular RNA, cells from a 35-mm dish were
ysed in 4 M guanidine thiocyanate in CBS buffer (42 mM
odium citrate, 0.83% N-lauryl sarcosine, and 0.2 mM
-mercaptoethanol). The lysate was mixed with 0.1 vol-
me of 2.0 M sodium acetate (pH 4.0) and extracted
mmediately with an equal volume of phenol/chloroform.
NA was precipitated from the aqueous phase by an
qual volume of isopropanol (Horvath et al., 1995). Total
NA was dissolved in 20 ml H2O.
For the preparation of micrococcal nuclease (MN) pro-
ected RNA, cells from a 35-mm dish were lysed in 200 ml
SB/Triton/DOC solution (10 mM NaCl, 10 mM Tris, pH
.5, 1.5 mM MgCl2, 1% Triton X-100, and 0.5% Na-deoxy-
holate). The nonencapsidated RNA was digested by 10
g MN in the presence of 1 mM CaCl2 and 5 mg/ml
protinin at 30°C for 1 h. MN digestion was terminated
y adding EGTA to a final concentration of 3 mM (Baker
nd Moyer, 1988). The protected (encapsidated) RNA
as released following the protocol described above for
he total cellular RNA. RNA (from a 35-mm dish) was
issolved in 7 ml H20 with 10 mg carrier tRNA.
Three-microgram glyoxylated RNA samples from un-
reated lysates (total RNA) and a 3-ml sample of MN-
reated RNA were resolved by electrophoresis in a 1.0%
garose gel in 10 mM phosphate buffer, pH 7.8. RNA was
ransferred to a Zetaprobe membrane (BioRad) and hy-
ridized to 32P-labeled riboprobes specific for the SV
railer and luciferase regions. The negative-sense probe
1655 nt) was prepared using T7 RNA polymerase-medi-
ted transcription of XbaI-digested pSNDluc as a tem-
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206 HU ET AL.late in the presence of [a-32P]-UTP. RNA levels were
etermined by using a PhosphoImager (Molecular Dy-
amics). RNA levels from two independent experiments
ielded essentially similar results.
T–PCR
RT–PCR was used to authenticate the mutants. For the
uthentication of the virus mutants in CV1 cells, cells
ere infected at 5 pfu/cell, and the total RNA was pre-
ared at 20 h p.i. following the protocol described above.
eaction conditions for RT–PCR have been described in
etail previously (Gupta and Xu, 1992). Reverse transcrip-
ion was performed for P/C mRNA amplification using a
egative-sense primer (GATCAGGCCGCATACATTG, nt
221–1203) and 2 mg of the total RNA. One-tenth of the RT
eaction was used to amplify the P gene fragment en-
ompassing the mutation site using the right comple-
entary primer (described above) and a left primer
CAGGTGAGGAGAGTAGAG, nt 347–364) to yield a
75-bp product.
For RT–PCR of virus RNA, RNA was prepared from
2 3 107 pfu virus from mouse lungs (5 days p.i.),
issolved in 25 ml H2O and 2.5 ml of the RNA solution
as used for reverse transcription (RT) in a 10 ml reaction
ixture as described previously (Gupta and Xu, 1992). RT
as primed with a 18 mer oligonucleotide corresponding
o the P gene (CAGGTGAGGAGAGTAGAG, nt 347–364).
ne-tenth of the RT reaction was used to amplify the P
ene fragment encompassing the mutation site using the
ight complementary primer (described above) and a left
rimer to yield a 875-bp product. The gel-purified PCR
roduct was digested with BanII (in the case of S249A) or
maI (in the case of S249D) or RsrII (in the case of
250A) in parallel with the wild-type fragment in the
eaction conditions specified by the suppliers.
lutathione–Sepharose bead binding
A549 cells (35-mm dishes) were infected with vTF7-3
t a m.o.i. of 2.5 pfu/cell for 1 h at 37°C. The cells then
ere transfected utilizing Lipofectin (Life Technologies)
n Opti-MEM medium with WT or mutant P plasmids (1.7
g) singly or together with GST-P/C (0.17 mg) plasmid. At
h posttransfection, the cells were labeled with Tran-
35S-label for 2 h. Cell extracts were prepared in RM salts
0.1 M HEPES, pH 8.5, 50 mM NH4Cl, and 7 mM KCl) 1
.25% N-P40. A portion of the cell extract (50 ml) was
emoved for immunoprecipitation with anti-P and anti-
ST antibodies. An equal volume (50 ml) was brought up
o 450 ml with RM salts for the glutathione–Sepharose
ead binding assay. Glutathione–Sepharose beads
Pharmacia Biotech; 15 ml per reaction), preblocked (in
M salts containing 0.1% N-P40, 0.5% nonfat dry milk,
nd 10 mg/ml BSA) and equilibrated (in RM salts), were
dded and incubated for 15 min at 4°C (in a final volume ff 500 ml) according to the manufacturer’s protocol. The
eads were washed and the proteins resolved in 7.5%
DS–PAGE and visualized by autoradiography.
onstruction of Sendai virus mutants
The full-length Sendai virus clone of Z strain, pSeV(1),
as been described previously (Kato et al., 1996). To
reate mutants of Sendai virus that lack the primary
hosphorylation, the large StuI fragment was deleted
rom the 18,154-bp pSeV(1). The resultant plasmid,
SeV(1)D (7893 bp), has entire sequences of NP and P
enes and partial sequences of M and L genes. Muta-
ions were introduced in the P gene of pSeV(1)D by
eplacing a SalI/EagI fragment with corresponding frag-
ent from the mutant P plasmid (S249A, S249D, or
250A). The full-length cDNA clones then were con-
tructed by inserting EagI/MluI fragment of pSeV(1) into
agI/MluI-digested mutant pSeV(1)D.
Sendai virus mutants were obtained by transfection of
DNA clones into LLC-MK2 cells as described previously
Kato et al., 1996). Briefly, 70–80% confluent cells in
0-mm dishes were infected with vTF7-3 at 3 pfu/cell and
ransfected 1 h later with 10 mg of parental or mutant
SeV(1), 4 mg each of pGem-NP and pGem-L, and 2 mg
f pGem-P with the aid of DOTAP (Boehringer-Mann-
eim). The cells were maintained in serum-free MEM
upplemented with 40 mg/ml ara-C and 100 mg/ml rifam-
icin. Forty hours after transfection, cells were har-
ested, disrupted by three cycles of free-thaw and inoc-
lated into 10-day old embryonated eggs. After 3 days of
ncubation, allantoic fluid was harvested and repropa-
ated in eggs at 107 dilution of the allantoic fluid. The
econd passage eliminated any vaccinia virus contami-
ation. Recovered virus was titrated by plaque forming in
V1 cells as described previously (Kato et al., 1996).
nfection of mice
Specific pathogen-free, 3-week-old male mice of ICR/
rj (CD-1) were purchased from Charles River. Mice
ere infected intranasally with wild-type or mutant virus
t 107 pfu/mouse under mild anesthesia with ether. Their
ody weights were individually measured every day up
o 9 days. At 0, 1, 3, 5, 7, and 9 days postinoculation, three
ice in each group were killed, and virus titers in the
ungs were measured. The consolidation scores were
raded as follows: score 0 5 no lesion; score 1 5 less
han 25% lobules affected; score 2 5 25–50% lobules
ffected; score 3 5 50–75% lobules affected; score 4 5
ore than 75% lobules affected. One score was added if
he mouse died.
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